The research is focused on evaluating the average crack spacing of overlay-strengthened reinforced concrete (RC) beams. The current equations in different structural codes for predicting the average crack spacing of RC beam with multilayered-reinforcing bars is proved to be inapplicable for overlay-strengthened RC beam, although these two kinds of beams are both with reinforcement in multi-layers. Therefore, a simple, practical and new analytical model that is capable of predicting the average crack spacing of overlay-strengthened beams is developed. An overlay-strengthened beam element is analyzed based on equilibrium and compatibility equations to formulate the average stresses of concrete, overlay and tension reinforcement. A series of verification comparisons with the experimental investigations, which involved various types of beam elements, are performed to verify the validity and reliability of the model. The proposed model performs satisfactorily with respect to measured response from the experimental database.
Background
Overlaying is considered as a major retrofitting method for flexural and fatigue strengthening or retrofitting of concrete flexural members. As illustrated in Fig Cracks in overlay-strengthened RC structures may be expected because of the relatively low tensile strength of concrete and overlay materials and the use of high strength reinforcement in substrate and overlay. Cracking in overlay-strengthened RC structures has a major influence on structural performance, including tensile, bending and shear stiffness, energy absorption capacity, ductility and corrosion resistance of reinforcement. Moreover, the average crack spacing of overlaystrengthened beams plays an important role in transferred shear stress along overlay-substrate interface and normal stress generated in the substrate concrete in case when the premature debonding failure is investigated (Zhang et al. 2010; Wang and Ling 1998; Raoof and Hassanen 2000) . It is, therefore, necessary to predict the cracking behavior of overlay-strengthened RC beam.
Despite the fact that many design models have been provided by different structural codes or individual researchers with respect to average crack spacing of RC members with single or multilayered-reinforcement (JSCE 2007; EC2 2004; CSA 2004; NS 1992; CEB-FIP 1990; Broms 1965; Albandar and Mills 1974; Bặzant and Oh 1983; Rizk and Marzouk 2010; Dawood and Marzouk 2010; Marzouk et al. 2010; Rizkalla et al. 1983; Rizkalla and Hwang 1984) , which are similar to overlay-strengthened RC member with reinforcement layers in the substrate and overlay, their applicability for overlay-strengthened beams has not yet been investigated.
The main objective of this study is to develop a rational methodology for predicting the average crack spacing of overlay-strengthened RC beam. Firstly, the predicted average crack spacing based on existing models from several design specifications is compared with that from experimental database. Then a model which is capable of evaluating crack behaviors of both overlaystrengthened beam and conventional RC beam was developed. The analytical approach is based on equilibrium and compatibility equations to formulate the average stresses of concrete, overlay and reinforcement of an overlay-strengthened beam element.
Crack spacing approach in the different structural codes
Tensile cracking in reinforced or prestressed concrete members is affected by various factors, such as the types of reinforcement, concrete cover, effective cross sectional area of concrete, diameter of reinforcement, ratio of reinforcement, number of layers of reinforcement, surface geometry of reinforcement, quality of concrete, magnitude of prestress, etc. Generally, all or some of these parameters are induced in different structural codes.
JSCE 2007
The value of crack spacing in JSCE (2007) is stated by the following equations:
where C debones concrete cover in mm, c s and Φ denote center-to-center distance and diameter of outer-layer tensile reinforcement in mm. k 1 is coefficient that characterizes the effect of surface geometry of reinforcement (=1.0 for deformed bars, and =1.3 for plain bars and prestressing steel), k 2 is a constant to take into account the effect of concrete quality, which may be calculated as where f' c is compressive strength of concrete in MPa. k 3 is a constant to take into account the effect of multiple layers of tensile reinforcement and may be calculated as
where n is number of the layers of tensile reinforcement.
Eurocode EC2 provisions
In the Eurocode EC2 (2004), the average crack spacing is evaluated from the following expression:
where C denotes concrete cover in mm; Φ is diameter of outer-layer tensile reinforcement in mm;
A st /A ct denotes effective reinforcement ratio with A st =the area of tensile reinforcement and A ct =the effective concrete area (see Fig. 2 .a). k 1 =0.8 for deformed bars and 1.6 for plain bars, and k 2 =0.5 for bending and =1.0 for pure tension. In this approach, the EC2 code takes only the effect of the concrete cover and ignores the influence of the bar spacing of the outer-layer tension reinforcement.
CSA S474 2004
According to Canadian offshore code CSA-S474 (2004) , the average crack spacing of cracks normal to the reinforcement may be calculated using the following equation:
where C denotes concrete cover thickness in mm (not greater than 55 mm); S denotes bar spacing of the outer-layer tension reinforcement in mm; k 1 is coefficient that characterizes bond properties of bars (=0.4 for deformed bars, and =0.8 for plain bars); k 2 is coefficient to account for strain gradient = 0.25 (ε 1 + ε 2 )/2ε 1 , ε 1 and ε 2 are the largest; and smallest tensile strains in the effective embedment zone; Φ is bar diameter of the outer-layer tension reinforcement in mm. ρ tNs is the effective reinforcement ratio, which may be calculated by
where h eff is effective embedment thickness in mm, taken as the greater of (a 1 +7.5Φ') ,and (a 2 +7.5Φ), but not greater than the height of tension zone (see Fig. 2.b) ; b is width of the section in mm; A st is area of reinforcement within the effective embedment thickness in mm 2 .
NS 3473 E 1992
The Norwegian code NS-S474E (1992) provides the similar approach for the calculation of the average crack spacing as that of CSA-S474 (2004) , with only a small difference in the calculation of k 2 and effective reinforcement ratio ρ tNs . as shown in Fig. 2 .c.
CEB-FIP 1990 provisions
The value of the crack spacing in CEB-FIP (1990) code is stated by a different expression from previous codes (JSCE 2007; EC2 2004; CSA 2004; NS 1992) as: Table 1 and Fig. 3 speaking, none of the code equations can give reasonable agreement to measured average crack spacing of overlay-strengthened RC beam. Therefore, the current models in different codes for estimating average crack spacing of RC beam with multilayered-reinforcement can not be applied directly for overlay-strengthened RC beams, although these two kinds of beams are both with reinforcement in multi-layers.
Explanations on the mismatch
The equations in different design codes for multilayer-reinforced beam should have been verified to be applicable before they are induced as a design approach. The reason why they are incapable of predicting the average crack spacing overlay-strengthened beams needs to be clarified. Fig. 4 shows the strain distributions across the depth of the cross section of overlay strengthened beam. By assuming that the overlay and the substrate behave monolithically, the moment at the initiation of tensile crack in substrate (M cc ) and overlay (M co ) can be calculated respectively as:
where f tc and f to denote the tensile strength of concrete and overlay material, E c and E o denote the Young's modulus of concrete and overlay material, x g denotes the neutral axis depth of uncracked section of overlay strengthened beam and I c denotes the second moment of transformed area of the uncracked cross section in terms of concrete. The ratio between M cc and M co is then expressed as:
For conventional beam with multilayered-reinforcement (E c =E o, f tc =f to ), the value of R c is always greater than 1, which means the tensile crack always initiates near to the outer-layer reinforcement.
While in case of the overlay strengthened beam samples as shown in appendix A (E c >E o, f tc <f to ), the maximum value of R c is 0.52 with a mean value of 0.45, which means the tensile crack always initiates from the substrate concrete . This agrees with the experimental observations as well.
Most of the present research work and existing analytical models for predicting cracking behavior of beams with multilayered-reinforcement consider only the effects of the diameter and spacing of outer-layer reinforcement, which is nearest to the initiation location of tensile crack. However in case of overlay-strengthened beam, the cracks tend to initiate from the substrate concrete and propagate towards the overlay, as a result of relative high tensile strength and low Young's modulus of overlay materials. Therefore, it is reasonable that the properties of reinforcement in the substrate instead of overlay should be used in the equations of different codes. Table 2 
Analytical model
When a segment of overlay strengthened beam is subjected to uniaxial tension loading which is greater than the cracking load of both substrate concrete and overlay, the idealized cracked beam section is assumed to consist of the effective tensile area of concrete and overlay, and reinforcement in the concrete and overlay as illustrated in Fig. 6 .a. For a section between two adjacent cracks, the bond between the concrete or overlay and the reinforcement restrains the elongation of reinforcement, and part of the tensile stress in the reinforcement is transmitted to the concrete or overlay consequently (Satoh and Kodama 2005) . 
where τ bc (x) and τ bo(x) denote the bond stress at the reinforcement-concrete interface and the reinforcement-overlay interface at the stabilized crack stage, which is assumed to follow a parabolic variation as shown in Fig. 6 .c. The peak bond stress τ bcm or τ bom occurs at the midsection between the two zero points. This bond stress distribution closely agrees with the experimental observations according to Jiang et al. (1984) and Kankam (1997) . O r and O s denote the perimeter of reinforcement in concrete and overlay respectively, A ct and A ot denote the effective tension area of concrete and overlay. For a certain steel bar or FRP grid, the maximum area of the reinforced concrete (A cmax ) or overlay (A omax ) zone within which stable crack can develop is,
where A s (F) and f y(Fy ) denote the area, the yielding strength of steel bar (FRP Grid) respectively, f c(o)t is the tensile strength of concrete (overlay). In a two-dimensional consideration, the maximum size of square bond effective zone for steel bar (h cmax ) or FRP Grid (h omax ) can then be calculated as,
In case of bending, the maximum height of effective zone should not be higher than the tension area (area which is below the neutral axis) as shown in Fig. 2 .d. Moreover, the reduction of concrete tension area due to existence of transverse reinforcements or stirrups is considerably small and ignored in this analysis.
For a given element between two adjacent cracks, the expected location for the maximum concrete or overlay tensile stress is at the midway (zero-slip point). At the stabilized crack stage, the tensile stress of concrete or overlay at the zero-slip point cannot be greater than the tensile strength f ct or f ot respectively, regardless of load increase. This condition corresponds to the stabilized crack spacing 
Stablized crack spacing of substrate concrete layer is then expressed as:
Stabilized crack spacing of overlay layer is expressed as:
The bond stress between reinforcement and concrete or overlay depends primarily on the compressive strength, the cover thickness of concrete or overlay, and on the surface condition of reinforcement. Due to the existence of cross ribs in the surface of FRP grid, which has similar function of ribs in the surface of steel bar, the bond properties of overlay-FRP grid interface can be assumed to be similar as that of steel bar-concrete interface. The peak bond stress τ bcm or τ bom as shown in Fig. 6 .b is then calculated using the fib Model Code equation (2010) 
where f' c(o) denotes the cylinder compressive strength of concrete(overlay). In beam with small concrete cover and clear spacing between the reinforcement, transverse reinforcement provides the most relevant confining effect, especially in zones far from direct supports where external pressure is not present (Untrauer and Henry, 1965; Gambarova and Rosati, 1997) . It is assumed that the confining effect of transverse steel bar or FRP grid in the overlay is similar as that of stirrup in the substrate concrete.
Once the crack initiates in either layer of concrete or overlay, it will propagate to another layer due to the reduction of stiffness of cracked section, therefore the stabilized crack spacing of overlay strengthened composite S S depends on the lesser of S cs and S os , which means
Considering the effect of strain gradient, the average crack spacing of overlay strengthened beam under flexure load can be predicted as follows:
where k 1 is the coefficient to account for strain gradient = (ε 1 + ε 2 )/2ε 1 according to CSA S474 It should be noted that the proposed model assumes the monolithic responding of overlay and substrate concrete, therefore it is not applicable for the case when debonding between substrate and overlay occurs.
Eqs.13-19 can also be used for conventional RC beam with single or multilayered-reinforcement (E c =E o, f tc =f to ), both Eq.13 and Eq.14 has same result of average crack spacing as:
where ∑O rs denotes the total perimeter of tension reinforcement, and A t denotes the entire efficient tension area.
Verification
The same database is used for verifying the applicability of proposed analytical model for overlay 
Conclusions
This paper shows that the current models in different structural codes for estimating average crack spacing of beams with multilayered-reinforcement are inaccurate for overlay-strengthened RC beams with reinforcement layers in both the substrate concrete and overlay, although these two kinds of beams are similar to each other in a sense that the reinforcement is arranged in multilayers.
The different initiation location of tensile cracks between the substrate concrete and overlay is considered to be one of main explanations on this mismatch. However it is not convincing enough to apply the substitution in the current structural codes simply for the valid prediction of average crack spacing since the cracking mechanism is not clear. Moreover, the existing empirical equations
can not be applied for overlay strengthened beam with FRP grid as reinforcement in overlay. (Yamamoto 2010) 
